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1. INTRODUCTION 
EARTHQUAKE RESISTANCE OF LIGHT-GAUGE STEEL FRAMES 
by Testuro ONO* 
In Japan, three years have passed since the new design codes for earthquake 
resistance were put into effect. The design methods stipulated in the new design 
codes aim at securing safety for structures against the strong ground motion 
during earthquakes on the basis of energy absorption capacity of the frame. 
Therefore, it is absolutely necessary in application to accurately grasp and 
evaluate the ultimate strength and the deformation capacity of the frame and its 
compoment members. The various prescriptions in the new design code for earth-
quake resistance currently being applied were provided so as to comply with 
large amounts of experimental data on heavy steel structures built up of hot-
rolled members. 
For light-gauge steel structures, which are mainly composed of members of large 
width-thickness ratios, represented by light-gauge steel and lightweight wide-
flange members, not much data is available on their ultimate strength and defor-
mation capacity and the evaluation methods for these properties have not been 
established. In fact, there is a tendency that enough considerations are not 
given to those properties in designing steel structures. One notable result of 
this problem is the damage of warehouses and houses caused at the 1978 Miyagi-
ken-oki earthquake. 
With this reality in mind, this research was conducted to obtain fundamental 
data for the evaluation of the earthquake resistance of light-gauge steel struc-
tures which are used in buildings of three stories or less and, on the basis of 
research data, to improve earthquake-resistance design. Taking up cold-formed 
light-gauge steel, this paper discusses the yield strength and the deformation 
capacity of members and the frame by the tests centering on the bending test of 
members and the horizontal loading test of the frame, and presents the evalua-
tion methods of these properties and the ideas of earthquake-resistance design. 
2. PLAN AND SUMMARY DESCRIPTION OF EXPERIMENT 
2.1 Bending Test of Members 
This test was conducted to clarify the inelastic behavior of light-gauge steel 
members of relatively large width-thickness ratios and obtain information for 
the study of the behavior of the frame composed thereof. To investigate the 
relation between the shape of cross section and the slenderness ratio (L/ry) on 
the one hand, and the deformation capacity, on the other hand, of light-gauge 
steel members, a total of 24 test specimens were used, including 9 specimens 
under uniform moment and 15 specimens under moment gradient with thier shape of 
corss section and slenderness ratio varied. To vary the restraining effect on 
the local buckling of the plate elements of the flange, the test specimens used 
were basically of three different types of cross section: channels with unstiff-
ened flanges of buil t-up I-shape section, channels with stiffened flanges of 
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built-up I-shape section and channels with stiffened flanges of built-up closed 
section. Among the test pieces under moment gradient, two types of built-up 1-
shape members with separators were included to investigate the relation between 
the shape of cross section and the slenderness ratio of light-gauge steel mem-
bers and the deformation behavior of the frame. The test specimens are outlined 
in Table 1. With regard to the type of loading for beams simply supported at 
both ends the two-point concentrated loading was applied to those under uniform 
moment and the centrally-concentrated loading to those under moment gradient. 
2.2 Horizontal-Force Application Test for Frames 
This test was conducted for light-gauge steel structures for low-rise buildings 
and with the aim of finding inelastic deformation characteristics in horizontal 
loading of the frames composed of light-gauge steel members with sectional 
dimensions of rank III or IV under the new design codes for earthquake resist-
ance. To prevent the frame being subjected to torsional deflection, the test 
specimen was formed in a I-story, I-span portal space frame with 4 columns, 
consisting of two portal frames of the same type, arranged in parallel. The 
portal frames have a floor height of 1.7m and a span of 3.0m. The braced frames 
(LG-4) with the por-tal frames arranged in parallel and spaced 1.0m apart, have 
a span of 1.5m between the planes of bracing. The test parameters taken up were 
the shape of column cross section, rigidity of the connections and the degree of 
column base fixation. The columns were three types in terms of column cross 
section: channels with unstiffened and stiffened flanges, all of built-up closed 
section, and box section steel. The connection were designed by the design 
methods in the Design Standard for Steel Structures in Japan and the new design 
codes for earthquake resistance; some were designed on the basis of allowable 
stress and others were designed on the basis of ultimate stress. LG-l to 4, 7 
and 8 belong to the former group and LG-5 and 6 to the latter group. The column 
bases, the standard type of which are the col umn bases assumed as fixed, are 
built up of base plates 32mm thick, except for LG-8 which consists of base 
plates 13mm thick, used to reduce the degree of fixation. For LG-7, column bases 
assumed as hinged were used. As shown in Fig. 2, a horizontal force was applied 
gradually in horizontal loading to the column capital of the test specimen. In 
addition, as gravity load for design, gravity loads were applied in two-point 
concentrated loading on the trisecting points of a beam so that it was O.2My at 
the ends of the beam ( My = yield moment of a beam member ). Meanwhile, the 
gravity loads were induced using a hydraulic jack via roller bearings to enable 
the loads to follow the displacement of the test specimen. The test specimens 
are outlined in Table 2. Fig. 2 and photo. 1 show the general view of the 
testing equipment. 
3. PLASTIC DEFORMATION CHARACTERISTICS OF MEMBERS 
3.1 Elasto-Plastic Behavior of Members 
The load-deflection curves of the members obtained by the test are shown in 
Figs. 3 to 6. The member bending moment M and the member rotation angle 8 are 
nondimensioned by the corresponding rotation angle 8p when it is assumed that 
the full plastic moment is Mu and the member is a perfectly elasto-plastic body. 
Figs. 3 to 4 show examples 01 the M-8 curve of channels with stiffened flanges, 
which are under uniform moment and moment gradient respectively, using the 
slenderness ratio as a parameter. Naturally, the members under uniform moment 
behave slightly differently because of the difference in the slenderness ratio 
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and the shape of cross section, but they suffer lateral buckling when the moment 
is in the neighborhood of My. Thereafter, the lateral torsinal deformation 
increases while the moment is maintained at a constant level and the strength 
decreases relativly early promoted partly by the local buckling of the flange 
elements. The deformation behavior of the beams with stiffened flanges is bas-
ically the same as with heavy steel members. That is lateral buckling occurs 
first, but the moment at which lateral buckling occurs varies more conspicuously 
with the slenderness ratio in the case of light-gauge steel members. The large 
width-thickness ratio of the plate element, however, reduces the effect of the 
strain hardeing zone, causing the maximum strength to reach its limit at 0.8 to 
0.9My • 
On the other hand, in the beams under moment gradient, since the yield zone is 
narrow, the strain hardening zone has a slight effect such as to raise the 
strength after buckling occurred and the maximum strength is reached after the 
local buckling of the flange elements occurs. Compared with heavy steel members, 
these light-gauge steel members are naturally lower in maximum strength, and 
moment is 1.IMp at maximum. Their behavior is that since local buckling occurs 
ahead of lateral bucking and the width-thcikness ratio is large, there is not 
much different in yield strength and deformation capacity between the beames of 
relatively small slenderness ratio ( L/ry 35 and 50 ). Figs. 5 and 6 show exam-
ples of the M-8 curves of the test pieces under uniform moment or under moment 
gradient, which are of the same slenderness ratio when the shape of cross 
section is a parameter. The member with stiffened flanges has a greater deforma-
tion capacity than the member with unstiffened flanges. This indicates that the 
lip worked to restrain the flange elements from being subjected to local buck-
ling. The reason why among the U-type beams, U-3-2 has the largest deformation 
capacity is probably due to the increased torsional rigidity obtained by the 
beam with a closed section. The abrupt, temporary drop of strength in G-4 and 5 
after reaching the maximum strength is due to the fact that the width-thickness 
ratio of the web is fairly larger than that of other test pieces and local 
buckling occurred early in the web together with the local buckling of the 
flanges. Thereafter, however, the deterioration gradient becomes increasingly 
gentle and then constant. All test pieces except for G-3 come to have almost the 
same gradient eventually. 
3.2 Evaluation of Deformation Capacity of Members 
In the bending test on the light-gauge members, the members which are large in 
the width-thickness ratio of the plate element, when put either under uniform 
- moment or moment gradient, did not show notable effects of strain hardening 
because local buckling had occurred early. The local buclking strain does not 
exceed the stress even if there is an effect of the effective width, and the 
members whose maximum strength is O.8Mp to 0.9Mp under uniform moment or about 
1.1M under moment gradient, cannot maintain strength in excess of the full 
plasfic moment. For these reasons, the deformed amount 8y when the yield moment 
My is applied is used as the basic value for deformation capacity evaluation. 
The deformation capacity is defined as follows, 
R = ( 8lim / 8y ) - 1 (1) 
Here the limit angle of the deformation capacity (8 Iim) is the rotation angle at 
a point where the strength drops to the yield moment M after reaching the 
maximum. The relation between the rotation capacity R thus obtained and the 
slenedrness ratio Ay when the member is put under uniform moment or moment 
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gradient is shown in Figs. 7 and 8. The curves in figures were drawn by intro-
ducing the basic value by the evaluation of the yield moment into the evaluation 
formula of the deformation capacity that the auther presented for heavy steel 
beams 6 • The deformation capacity of beams under uniform moment shows a more 
noticeable difference due to the slenderness ratio than that of beams under 
moment gradient and better complies with the evaluation equation. This is be-
cause, as described in 3.1, beams under uniform moment are more susceptible to 
lateral buckling deformation. 
On the other hand, in the case of beams under moment gradient, those of smaller 
slenderness ratios show a greater disagreement with the values obtained by the 
evaluation equation. This is particu1ary conspicuous with LG-4 and 5 of large 
width-thickness ratios of the web, which are vulnerable to web buckling deforma-
tion. By and large, however, this evaluation equation nearly explains the test 
results and indicates the validity of this method of yield moment evaluation. 
4. INELASTIC DEFORMATION-CHARACTERISTICS OF FRAMES 
4.1 Elasto-P1astic Behavior of Frames 
Figs. 9 to 15 show the test resu1 ts of the frames. Fig. 9 indicates the hinge 
points and the order of the test pieces. Figs. 10 to 15 show the load-deflection 
curves of the frames obtained by the test. The vartica1 scale indicates the 
horizontal load Q (to~) of the column capital and the horizontal scale repre-
sents its horizontal displacement 15 (cm). Fig. 10 presents the result of re-
peated loading to LG-1. The broken lines show the load-deflection curve in 
unidirectional loading converted from the curve in repeated loading. This indi-
cates that the idea regarding the accumulated plastic deformation of heavy steel 
frames is applicable to this type of frame. Fig. 11 shows the test result of LG-
5, the connections of which were designed on the basis of ul timate strength, 
though the cross section of its member is the same as in LG-l. Fig. 12 shows a 
combined test result of LG-2, LG-7 and LG-8 with the boundary condition of the 
column bases varied. Comparing the load-deflection curves of LG-2 made of 32mm-
thick plate and LG-8 made of 13mm-thick plate, we find hardly any difference 
despite the difference in yield stress of the members. LG-7 with hinged column 
bases decreased in the redundant strength by the reduction of the degree of 
redundancy. Hence, it was confirmed that the first hinge was formed at the 
column capital in the neighborhood of 3.2 tons. Thereafter, the load hardly 
rose. Fig. 13 shows the test result of LG-3 which used box-sections for the 
column members. Here the load-deflection curve shows stable features, including 
the lowering gradient. 
Shown in Fig. 14 is the test result of LG-6 which is of the same section as LG-3 
and its connections are designed on the basis of maximum stress. When the load 
is 22.0 tons, the rigidity decreases to approximately 1/30 of the elastic rigid-
ity and a relatively distinct bi-1inear load deflection behavior is witnessed. 
At this time, clearly recognizable hinges were not found in the column and beam 
members. Later, while the rigidity was about 1/30 of the elastic rigidity, the 
load was gradually increased. After reaching the maximum strength of 23.8 tons, 
the strength started to decrease rapidly and when it dropped to about 23.0 tons, 
a failure was confirmed visually in the splice plates at the beam-column connec-
tion on the load-applied side. From the observation of the hinge formation and 
also from the comparison with the test result of LG-3, the decrease in rigidity 
and strength are considered to ha ve resu1 ted from the fai 1 ure of the sp 1 ice 
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plate. The failure of the splice plate, which was in the final collapse mode, is 
considered attributable to the fact that the yield stress became about 1.54 
times the basic value of F used in design due to the effect of cold working. The 
connections of LG-6 are designed on the basis of the maximum stress of the 
members to be jointed and the shape of the splice plate was determined by the 
following formula. 
maximum bending moment of the splice plate 
basic value of steel 
full plastic moment of the beam 
(2) 
In LG-6, the full plastic moment of the beam M is 1.54 • F • Z becaus~ of the 
raised yie ld stress. This exceeds 1.2Mp (actuKll y, 1.31Mp if ~he rise in the 
yield stress of the separators is taken into consideration) on the right-hand 
side of formula (2) even if the rigid zone is not taken into account. If, from 
the test result of the members in Section 3, the strength of the members is 
considered not larger than the yield moment My, the right-hand side of formula 
(2) should be 1.54 • (Mp/1.3) 1.18M p since the shape factor of the beam members 
is 1.3. Yet if the rise in the moment at the connections due to the extension of 
the rigid zone by the separators is taken into account, the moment will be 1.5Mp 
at the ends of the beam, which exceeds the 1.31Mp calculated by taking account 
of the rise in the yield stress. 
From the foregoing, when the frame is designed on the basis of ultimate strength 
and is made up of cold-formed light-gauge members, the rise in the yield stress 
by the effect of cold working is so large that it is considered problematical to 
design beams according to the basic value of F without discrimination. Fig. 15 
shows the test result of LG-4, a braced frame. Its load-deflection curves are 
of the typical bi-linear type. The deformation when the brace turnbuckle breaks 
is about 8.0 0By' if compared to the deformation (oBy) at the time of the brace 
yielding. 
4.2 Ultimate Horizontal Strength and Load-Deflection Curves of Frames 
This section, on the basis of the test results, presents the evaluation of the 
ultimate horizontal strength of light-gauge steel structures and the induction 
of the load-deflection curves of the frame. The ultimate horizontal strength is 
first calcu~ated by the hinge method. 
Q = 2 (cMB + min (cMH, ~ » / h 
where c~ 
cM ~ 
limit moment of column base 
limit moment of column capital 
limit moment of the end of beam 
floor height 
(3) 
In the above formula, the ul timate horizontal strength is RQ p when the 1 imi t 
moment of members is expressed by the full plastic moment Mp and the ultimate 
horizontal strength is RQy' when the limit moment of members 1S expressed by the 
yield moment My. Incidentally, for LG-3 and 6, since their column members are of 
closed section and the width-thichness ratios are small (rank I), in the calcu-
lation of RQy of the column members the limit moment is expressed by the full 
plastic moment. As for LG-6, the limit moment of the end of the beam is deter-
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mined by the maximum bending strength of the splice plate in accordance with the 
test results. The ultimate horizontal strength Q thus obtained are compared with 
the test results in table 3. Except for LG-6, the beam-end limit moment of which 
is determined by the maximum bending moment of the splice plates, none of the 
test specimens have the maximum ~trength which measures up to the ultimate 
strength by the evaluation of the full plastic moment. On the average, maximum 
strength is no more than 80 percent of the ultimate horizontal strength RQy• On 
the other hand, the ultimate strength RQ y by the evaluation of the Yleld 
strength shows good agreement with the maximum strength measured in the test. In 
the table, RQE is the horizontal load when some part of the frame reaches the 
yield strengtn. From the above results, it is considered adequ~te to evaluate 
the ultimate strength of frames using the maximum strength RQy by the evaluation 
of the yield strength. The load-deflection relation of a frame in which collapse 
mechanism have not been formed is calculated step by step by the hinge method on 
the assumption that the members when put under the yield moment show a plastic-
hinge behavior. The load-deflection relation of a frame in the deteriorating 
region after collapse mechanism have been formed is calculated by the virtual 
work method, by finding the resistance of the members corresponding to the hinge 
rotating amount of the members caused by the horizontal displacement of the 
frame from the load-defrection relation of members in Fig. 16. For LG-6 whose 
splice plate broken, the splice plate breaking point is obtained from the M-~ 
relation of the spilce plate. For the braced frame, a load-deflection curve is 
induced as a simple sum of those curves of the frame and the brace. The dotted 
broken lines show the analysis results in Figs. 10 to 15. The analysis results 
agree well with the test resul ts. For light_gauge steel structures, it seems 
that the load-deflection curves can be drawn by approximate estimation from the 
load-deflection curves of the members by using the plastic hinge method based on 
the evaluation of yield moment. 
4.3 Evaluation of Inelastic Deformation Capacity of Frames 
When discussing the safety of structures against the strong ground motion during 
an earthquake, it is essential to grasp their deformation capacity. This section 
presents the evaluation of the inelastic deformation capacity of frames by the 
method indicated in Fig. 17. The 1'1 corresponds to the equivalent multiplying 
factor of accumulate plastic deformation 1 • As shown in the figure, the 1'1 is 
calculated using the yield strength EQy which is determined by the intersection 
of the tangent when the quadratic gradient is averaged as 0.05 ( k = elastic 
gradient) with the elastic line. The R is calculated with reference to the 
deformed amount 0E' used as the basic value, which corresponds to the horizontal 
load RQE when some part of the frame yields. The point of plastic deformation 
when the strength drops again to RQE' after reaching tEe maximum strength, is 
considered as the limit of plastic deformation. The Rand 1'1 are compared in 
Table 3. In LG-3 in which the rigidity decreased considerably early and in LG-7 
of which the lowering gradient is small, the value of 1'1 became fairly larger 
than the value of R, but the value is almost the same as with other test speci-
mens. The structural ranking in the table is set by the value of 1'1 based on the 
new design code for earthquake resistance in Japan. Also in LG-l which is the 
minimum in the amount of plastic deformation, the inelastic deformation capacity 
of rank III could be secured, while for the other test pieces the plastic 
deformation capacity of rank I or II could be confirmed. As for LG-6, though it 
belongs to rank I in terms of sectional dimensions, the plastic deformation 
capacity of rank I could not be confirmed, the reason for this is ascribed to 
the failure the splice plate. As described above, it was found that the plastic 
deformation capacity of rank I to III can be secured even for the frames which 
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fall under rank III or IV in terms of sectional dimensions ( width-thickness 
ratio of plate element ). This suggests the possibility of applying the earth-
quake resistance design method, which takes into account the plastic deformation 
capacity of the frame to light-gauge steel structures. 
4.4 Evaluation of Earthquake Resistance of Light-Gauge Steel Frames 
The Japanese design code for earthquake resistance provide a formula for the 
judgement of the safety against earthquake as follows. 
(4) 
required ultimate horizontal strength of each layer of frame 
= reduction factor depending on the deformation capacity of frame 
= shape factor 
= maximum horizontal force that each layer of frame would be 
subjected to if it responds elastically to a strong earthquake 
When formula (4) is applied to rigid-frame light-gauge steel structures, the 
problem is what reduction factor ( Ds ) should be set and what maximum strength 
Qu I should be given. In the light-gauge steel structures composed of members of re~atively large width-thickness ratios such as are dealt with as the object of 
this paper, it is difficult to form stable hinges at the full plastic moment 
discribed up to the preceding section. Therefore, it is difficult to apply to 
them the above formula intended for heavy steel structures. Because the ultimate 
strength RQy of the frame by the evaluation of the yield moment M better 
exceeds the maximum strength obtained by the test by replacing Qun l wit\ RQy in 
Eq. (4), we have: 
(5) 
However, in view of the simplicity when relatively small-scale steel structures 
are designed, it is more practical to consider the allowable strength for tempo-
rary loading RQE to be basic value for frame design. Assuming that RQy = a·RQE' 
formula (5) wi-II be as follows. 
(6) 
The ratio of RQy to RQ is about 0.8 to 1.0 as obtained by the test, but 0.8 for 
ensuring safety. Assumi~g that the ratio of RQp to RQE is 1.5, the value of a is 
given by 
(7) 
On the other hand, the plastic deformation capacity of the frames, if evaluated 
by n, falls into rank I, II or III even if the component members are of rank IV. 
Therefore, the design of frames with sufficient aseismatic properties is con-
sidered possible by using the allowable strength for temporary loading RQE as 
the basic value if a value corresponding to rank III for higher safety is set 
for the reduction factor Ds and formula (6) is applied using the value of 
gi ven by formula (7). 
Since the diagonal bracing is BQp = BQE in the case of a frame, the left-hand 
member of formula (6) is lla • BQE • 
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5. CONCLUSION 
To summarize the results obtained by this research, 
1) By inducing the basic value by the evaluation of the yield moment of the 
members of relatively large width-thickness ratios such as light-gauge steel, 
the evaluation equation of the plastic deformation capacity for heavy steel 
structures can be applied. 
2) The maximum strength of frames composed of members of relatively large width-
thickness ratios such as light-gauge steel can be nearly determined by the 
ultimate horizontal strength in the evaluation of the yield moment. 
3) When cold-formed steel products such as light-gauge steel are used and con-
nected on the basis of the ultimate strength, a considerable rise occurs in the 
yield stress by the effect of cold working and it is problematic to design 
structures based on the basic strength F indiscriminately. 
4) To secure, aseismatic properties at the same level as is provided by the new 
earthquake-resistance design method in Japan, following to design method are 
presented. One is limit load design method by estimating the plastic hinge by 
the evaluation of the yield moment My. Otherwise, frames should be designed 
without calculating the ultimate horizontal strength and by applying formula (6) 
taking as the basic value a short-term allowable strength based on the allowable 
stress design method. 
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APPENDIX--NOTATIONS 
reduction factor depending on the deformation capacity of frame 
F basic value of steel (t/cm 2 ) 
shape factor 
yield moment 
full plastic moment 
horizontal force (ton) 
ultimate horizontal strength when the limit moment of members is expressed 
by the full plastic moment Mp 
RQy = ultimate horizontal strength by My 
RQE = horizontal load when some part of the frame reaches the yield strength 
Qud = maximum horizontal force that each layer of frame would be subjected to if 
it responce elastically to strong earthquake 
Qun '= required ultimate horizontal strength of each layer of frame 
R rotation capacity of member 
If deformation capacity of frame 
a RQy I RQE 
Tl equivalent mUltiplying factor 
8 rotation angle 
<5 horizontal displacement (cm) 
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Fig. 1 Cross Sections and Loading Condition 
of Beam Test 
Table 1 Dimensions of Beam Test Specimen 
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Table 2 Dimensions of Frame Test Specimen 
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t 9 (ly~2.62thllil 
It 16 0y=2,60t/CjI,1 
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Fig. 2 Set-Up of Test Frame 
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Table 3 Experimental Results of Frame Test 
SPECIl1EN Qmax/ RQ p Qmaxl ROy Qrnax/ RQE ~ ii RANK OF STRUC1'URE 
LC-1 0.83 1. 02 1. 14 2.88 2.03 ill 
LC-2 0.80 1.00 1. 23 4.36 3.58 lL 
LO-3 0.86 0.94 1 .14 7.27 2.62 I 
LO-4 0.92 1.16 1. 80 15.90 15.75 I 
LO- 5 0.87 1. 07 1.24 4.07 3.69 1I 
LO- 6 1.03 1.03 1.39 5.35 6.38 1I 
LO-7 0.73 0.92 1.15 5. '17 3.89 J[ 
LO-8 0.86 1.07 1. 37 5.59 5.19 1I 
